In a seminal paper in 1957, 1 Hayaishi demonstrated that O 2 -dependent oxidation of tryptophan led to More than fifty years after Hayaishi's paper, the mechanism of tryptophan oxidation is not established. Early proposals 4 suggested a base-catalysed abstraction mechanism and no change in oxidation state of the metal, with an active site histidine implicated. But several groups had independently reported [5] [6] [7] that the 1-Me-L-Trp analogue, Scheme 1, is also reactive, and it was noted 5 that this is not consistent with a base-catalysed abstraction mechanism. Mutational data where the presumed active site histidine is missing were also not consistent with base-catalysed abstraction 8 .
For IDO, there is now good evidence that a ferryl (Compound II) species is formed during turnover.
This Compound II species was first identified by resonance Raman during oxidation of L-Trp 9, 10 , and more recently the uv-visible spectra have been extracted from kinetic analyses with a number of different substrates
11
. Computational analyses are also consistent with ferryl heme formation [12] [13] [14] [15] .
It has been widely presumed that IDO and TDO oxidise substrates using the same mechanism, even though there is no evidence to support that assumption. There are, in fact, some substantive anomalies.
Unlike IDO, a stable ferrous oxy-intermediate of TDO has not been identified. More significant is the fact that a Compound II intermediate has never been observed for any TDO. Hence, it remains to be established that the two enzymes use the same mechanism.
In this work, we have examined the transient intermediates formed on reaction of human TDO (hTDO) and X. campestris TDO (XcTDO) with substrate. Unlike IDO, we find no evidence for accumulation of a Compound II intermediate under turnover conditions in TDO; instead a ternary [Fe(II)-O 2 , L-Trp] complex accumulates during turnover. We conclude that the rate-limiting step in the TDO mechanism is different from that in IDO. We discuss this information in the light of a broader framework for development of ideas on the mechanism of tryptophan oxidation in both IDO and TDO.
reconstituted with hemin (Sigma) prior to storage at -80 °C. Hemin (1.5 equivalents, made up in 10 mM NaOH) was added to the protein stock and then incubated on ice in the dark for 60-120 minutes.
Free hemin was removed by passage of the protein through a small gel filtration column (Bio-Rad 10 DG) before being concentrated using a Millipore Amicon Ultra 30 kDa filtration unit. Protein concentrations were determined using reported absorption coefficients (hTDO ε 408 = 196 mM -1 cm
and XcTDO ε 404 = 180. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Pre-steady state kinetics. 5%-100% solvent B (0.1% formic acid in acetonitrile)) was run over 3 minutes at a flow rate of 0.6 ml per minute. The ESI capillary voltage was 3 kV, cone voltage 30 V and collision energy 4 eV. The acquisition rate was 10 spectra per second and m/z data ranging from 50 to 2000 Da were collected.
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Mass accuracy was achieved using a reference lock mass scan, once every 10 seconds.
RESULTS
The identification of reaction intermediates formed during TDO turnover is not straightforward: it depends on being able to differentiate the initially-formed ferrous-oxy species from other intermediates that accumulate during turnover. We designed anaerobic stopped-flow experiments to identify the various catalytic species formed during the O 2 -dependent reaction of TDO with L-Trp.
Formation of ferrous-oxy TDO.
While formation of ferrous-oxy IDO is established, see for example 11, 20, 21 , there is as yet no evidence for a discrete ferrous-oxy species in the absence of substrate in any
For hTDO under conditions of high concentrations of oxygen (ca. 600 µM), we successfully identified a species (λ max = 414, 544, 576 nm, Figure 1A (green spectrum)) from the global analysis data. This spectrum is consistent with ferrous-oxy formation and the maxima are similar to those for the same ferrous-oxy species in IDO (λ max = 416, 543, and 577 nm). This ferrous-oxy intermediate is relatively
unstable and decays to ferric with a first order rate constant k obs ≈ 4 s -1 , Figure 1A . Similar wavelength maxima were identified for reaction of hTDO at lower concentrations of O 2 (ca. 130 µM), but in this case incomplete formation of the ferrous-oxy species occurs (data not shown).
No such ferrous-oxy species (as evidence by the expected peaks at ≈540 and ≈580 nm) could be observed in an identical set of experiments on XcTDO -in this case the ferrous enzyme was observed to decay slowly (k obs ≈ 2.5 s -1 ) back to ferric without an observable oxy species (with maxima at ≈544
and ≈576 nm) in between, Figure S1 . We do not have an explanation for fact that hTDO can form a ferrous oxy species in the absence of Trp but XcTDO cannot.
Detection of intermediates during turnover. We then examined oxidation of L-Trp by hTDO and
XcTDO, to identify the intermediates formed under turnover conditions. Figure 1D , and demonstrates the similarity.
Following initial formation of the ternary complex (within the first few ms), there is a lag phase of ≈ 800 ms for hTDO and ≈ 400 ms for XcTDO; at the end of the lag phase, NFK formation begins (as observed by an increase in absorbance at 321 nm) and the system reaches steady state. Over these longer timescales the ternary complex as observed above persists and with essentially the same spectra as observed above; Figures 1B and 1C (red spectra) show the spectrum of this ternary complex just prior to NFK formation (i.e. at the end of the lag phase). After this point, the ternary complex decays and there is a direct correlation between NFK formation (observed at 321 nm) and decay of the ternary complex (monitored at 577 nm, Figure 1B , C insets) as oxygen is consumed to form the product.
Reactivity with other substrates. Unlike IDO which has wide substrate specificity, the range of substrates that are oxidised by TDO is unimpressive. Hence, it is not feasible to examine the formation of reaction intermediates during the oxidation of a variety of other substrates (as was the case in IDO 11 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 However, we were able to observe TDO activity with 5-fluoro-Trp (5-F-Trp, Scheme 1). In a parallel set of experiments to those described for L-Trp above, the pre-steady state reactivity of 5-F-Trp by XcTDO was also examined. The stopped-flow data for 5-F-Trp were found to be similar to those for oxidation of L-Trp, Figure S3 , and a ternary complex is identified (λ max = 417, 546, 576 nm Figure S3 (red spectrum)) and accumulates prior to NFK formation. The decay of this ternary complex also correlates with product formation ( Figure S3, inset) ; separate mass spectrometry analyses confirmed the formation of 5-F-NFK as product (m/z = 255, data not shown). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 intrinsic ability of TDO to form a ferryl heme), Figure 2. (ii) Neither of the Compound II species formed above for TDO by reaction with H 2 O 2 (in the absence, Figure 2 , and presence, Figure S4 , of substrate) can be observed in the steady state, Figure 2C . (iii) The species that accumulate in the steady state for IDO and TDO are not the same ( Figure 1E ).
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DISCUSSION
The IDO and TDO enzymes are very similar in their function and properties -they were discovered at about the same time, and in fact were often confused with one another in the early literature. This has left an invisible imprint on the literature, so that IDO and TDO are often considered to be two halves of a matching pair. Perhaps because of this, IDO and TDO have been assumed (including by us) to react by a similar mechanism. But actually there are some persistent differences between the two enzymes -for example the much wider substrate specificity in IDO than in TDO, the relative instability of the ferrous-oxy species in TDO in the absence of substrate, and the (still largely unexplained) observation 16, 24 that ferric TDO is, uniquely, also able to oxidise tryptophan without any apparent need for a reducing substrate. The possibility has always therefore existed that they might not react by exactly the same mechanism; and, what is more, there is no evidence that they do. The source of greatest anxiety to these authors has been the fact that the species corresponding to Compound II in IDO is notable by its absence in TDO.
In IDO, the formation of a Compound II species during turnover has been implicated on the basis of , and the shape of the spectra and their wavelength maxima for IDO and TDO ( Figure 1D , Table 1 ) are in good agreement. .
(iii) Steady state. In both TDOs that we examined, formation of the initial [Fe(II)-O 2 , L-Trp]
ternary complex is followed by a lag phase which precedes product (NFK) formation.
During the lag phase, the ternary complex persists. It is this ternary species that accumulates during TDO turnover, and on the same time scales (0.5 -1 s) as the accumulation of Compound II during IDO turnover 11 . After the lag phase is over (about 1 s after mixing), decay of the ternary complex (at 577 nm) occurs in parallel with the formation of NFK (at 321 nm), which connects the ternary complex to the catalytic formation of product.
The steady state behaviour of the TDOs is notably different from IDO. In IDO, a
Compound II species is identified in the steady state and is distinct from the initiallyformed ternary complex Figure 1E , interpretation is that the IDO and TDO enzymes use the same mechanism, but that the rate-limiting step is not the same. Scheme 2 gives a pictorial summary of our ideas. We propose that in IDO, decay of Compound II is rate-limiting and thus Compound II accumulates. In TDO, there is a change in the rate-limiting step such that Compound II never accumulates; instead, the ternary complex is observed in the steady state and its decay is rate-limiting. An alternative possibility that is worth considering to account for the difference is that TDO uses an electrophilic addition route, Scheme 2, whereas IDO uses radical addition. That the ferrous oxy species of IDO is thought to contain superoxide character 9 , and that there is evidence in TDO 22 that electrophilic addition is favoured over radical addition, would be consistent with this explanation. As noted recently 22 , further work is necessary to fully understand the mechanism of tryptophan oxidation . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 showing the similarity of the spectra. All spectra are multiplied by a factor of 5 in the visible region, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 for direct comparison; note that the intensity of the 577 nm peak in the ternary complex for hIDO (ε ≈ 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 steady state and the ternary complex (which has a different spectrum to Compound II) accumulates instead.
Page 17 of 23 Biochemistry
Page 18 of 23 Biochemistry
(A) (B) (D) (C)
Scheme 1
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